The heat pipe is one of the cooling media which is potential to be developed for the passive cooling system for nuclear reactors. To enhance the performance of the heat pipe, nanofluids have been used as the working fluid for the heat pipe. This paper studies the characteristics of nanofluids as the working fluid of heat pipe with screen mesh wick, which was the mixture of nano-sized particles (Al 2 O 3 and TiO 2 ) with water as the base fluid. The nanoparticles have average diameter of 20 nm, made with 1% to 5% volume fraction. The heat pipe thermal performance was tested using heater with different heat load. The experimental result shows the use of 5% Al 2 O 3 -water improve the thermal performance by reducing the temperature at evaporator side as much as 23.7% and the use of TiO 2 -water reduce the temperature at evaporator side as much as 20.2% compared to the use of water. The use of nanofluid also decreases the thermal resistance of heat pipe. As the use of nanofluid improves thermal performance of heat pipe, it has a potential for applications along with heat pipes at nuclear reactors.
INTRODUCTION *
In Indonesia, referring to the Government Regulation No. 5/2006 (PP 5/2006) on National Energy Policy, nuclear as a new energy source has to contribute more than 5% of national energy demand, along with other new and renewable energy source such as wind, water and solar [1] .
Because of the higher risk due to its radioactive materials, designers and manufacturers of nuclear power plants have elaborated and continually striven to improve the safety aspects of nuclear power plants (NPPs). One safety system concepts being developed today is the passive safety systems, which is defined by IAEA-TECDOC-626 as a system that uses entirely passive structures and components or system that use active components in very limited quantities to initiate subsequent passive process [2] . One of the functions of the passive safety system is to taking decay heat after shutdown. Simpler and more reliable design for lower cost of operation and maintenance is the goal of the passive safety system [3] .
One of the passive cooling medium for nuclear reactors which is potential to develop is the heat pipe. The heat pipe is a heat conducting technology using certain sized pipe containing a special fluid, functioning as a cooler, conducting heat from the pipe's hotter end to the cooler end. This cooling system was first announced and patented by R. S. Gaugler of General Motors in 1942. It was first demonstrated by George Grover at Los Alamos National Laboratory in 1962 and was published in physics journals in 1964 [4] .
The utilization of heat pipes at nuclear facilities has been studied by Jouhara et al. who studied the potential use of heat pipe in a nuclear seawater desalination [5] . There, heat pipes were used as heat exchanger to dissipate waste heat generated from a nuclear reactor, and use the heat for water desalting process. The application of heat pipes as the autonomous emergency cooling down system also has been considered. Sviridenko proposed a passive emergency cooling down system based on heat pipes to be applied at nuclear power plant. It is explained that the application of heat pipe could increase the reliability and safety index to the basic NPP equipment [6] . As the heat pipe is being projected to be the passive cooling medium which take the decay heat after shutdown, it needs improvement in terms of thermal performance.
Several factors affecting the performance of a heat pipe are the working fluid, the wick structure and the geometry of the heat pipe [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . From the development of nanotechnology and heat transfer, numerous efforts have been done to obtain better heat transfer. Wei et al. have conducted research on the effects of nanofluid concentration on heat pipe thermal performance. They showed that the concentration of nanoparticles in the base fluid improves the performance of the heat pipe [22] . Do et al. conducted a study to the thermal resistance of screen mesh wick heat pipes using the Al 2 O 3 -water nanofluid which yield the results that the volume fraction of 3% Al 2 O 3 nanofluid with water-based fluids can improve the performance of heat pipes significantly: heat at the evaporator is reduced by up to 40%, and smaller thermal resistance [23] . Paisarn and Naphon examined the thermal efficiency of heat pipes with titanium nanofluid. The results suggested that the heat transfer efficiency of the heat pipe increases with the addition of nanoparticles volume percentage on the base fluid; by adding 0.1% volume fraction of nanoparticles, the heat pipe efficiency increased by 10.6% [13] . Liu examined the application of water-based CuO nanofluid in heat pipe with a horizontal mesh, with the result that addition of 1% CuO nanofluid increased the heat transferred by up to 42% and decreased thermal resistance by up to 60% [14] . Several experiments conducted showed that nanofluid can increase thermal conductivity and has better heat transfer ability compared to other conventional fluids.
In this study, a comparison of the effects of the application of A1 2 O 3 and TiO 2 nanofluids to the thermal performace of screen mesh wick heat pipe has been carried out. Up to this point, this kind of study has not been presented in other publications. The study's purposes are towofold, namely: first, to determine the effect of the nanofluid concentration to the thermal performance; and second, to determine the coating effect of nanoparticles on the screen mesh wick. It is hoped that the parameters yielding the best thermal performance could be determined.
EXPERIMENTAL METHOD
This study utilized Al 2 O 3 and TiO 2 nanoparticles both with the size of 20 nm. The production of these nanofluids uses a two-step method. The nanoparticles were dispersed in the base fluid with ultrasonic processor at 100% intensity for 60 minutes. Nanoparticles were dispersed in an ultrasonic processor to achieve a stable homogeneous solution. Afterward, the nanofluids were cooled at a constant temperature of 25 o C. The nanofluids were made in five concentrations (volume fraction), i.e. 1%, 2%, 3%, 4% and 5% at 100 ml. The quantity of alumina nanoparticles is determined by the volume fraction formula [23] :
The characteristics of these nanofluids were tested by sedimentation tests as shown in Figs. 1 and 2, that in some period of time, the nanofluid will form a line of separation between the nanoparticles and the base fluid. From the sedimentation test, it was obtained that the Al 2 O 3 -water nanofluid began to sediment on day 64 and TiO 2 -water sedimentation began on day 53. This is better than the Al 2 O 3 nanofluid made by Do, which started to sediment on day 25 [23] . First, the thermocouples were pla of the heat pipe. Then, the eva [22] that the concentration of the nanofluid affect the performance of heat pipes.
The difference on temperature gradient at evaporator and condenser between various working fluid applications can be explained by the different thermal performance on each working fluid. Water with lower thermal conductivity, and lower convective heat transfer coefficient, absorbed smaller amount of heat from the heat source. The heat which was not absorbed raised the temperature of evaporator. Meanwhile at the condenser, only a small amount of heat was transferred to the ambience, and the transfer proceeded slowly so the temperature at the condenser is low. With a nanofluid, which has higher thermal conductivity and higher convective heat transfer coefficient than water, the heat transfer process proceeded rapidly. Heat from the heat source was rapidly absorbed and transferred to the condenser side. This rapid heat transfer resulted in lower temperature at evaporator and higher temperature at the condenser compared with those at the heat pipe with water, thus lowering the temperature gradient. The type of nanoparticles used in the production of nanofluid as the heat pipe working fluid also affects the performance of the heat pipe. Figs. 10, 11 and 12 show the temperature distribution along the heat pipe using water, Al 2 O 3 -water 1% and 5% and TiO 2 -water 1% and 5% as the working fluid. From the pictures it can be observed that the Al 2 O 3 -water has the ability to reduce the temperature in the evaporator better than the TiO 2 -water and water. TiO 2 -water capability in reducing the temperature at the evaporator is lower at average of 8% compared to the Al 2 O 3 -water. This happens because the value of the thermal conductivity of Al 2 O 3 -water is higher than that of TiO 2 -water; therefore, at the concentration of 5% Al 2 O 3 -water has thermal conductivity of 1.25 W/mK and TiO 2 -water has thermal conductivity of 1.12 W/mK. The thermal conductivity measurement itself was conducted by using a KD2 thermal analyzer. The addition of nanoparticles into the base fluid resulting in the nanofluid exhibiting Brownian motion in which the nanoparticles are constantly moving. A very small particle size will increase the contact area between the surface of the particles so that collisions between particles occur more frequently. This resulted in a faster heat transfer process compared to that achieved with the conventional working fluid.
The thermal resistance of heat pipe in this study is referred to the work done by Do [23] where the thermal resistance of a heat pipe is defined as
where T e , T a and Q in are the average temperature of evaporator area, average temperature of adiabatic area, and the heat load respectively. Fig. 13 shows the graph of the thermal resistance of the heat pipe when using water and nanofluids with 1% and 5% of Al 2 O 3 and TiO 2 as working fluid. In the graph, the largest thermal resistance occured in the use of water. Thermal resistances created by using nanofluid, both with Al 2 O 3 and TiO 2 , tend to be lower than those occuring from the use of water as working fluid. At a heat load of 10 Watt, the thermal resistance value of heat pipe using water is 4. As Fig. 13 also shows, the thermal resistance of the heat pipe also tends to decrease with increasing heat load. Using water as working fluid, increasing the heat load from 10 W to 15 The effects of nanoparticles to the screen mesh wick structure should be analyzed, since there are possibilities that the nanoparticle will change the physical structure of the wick. The change in physical structure would affect the ability of the wick to perform its function of transferring the working fluid from the condenser to the evaporator area. Thus, the physical characteristics of the wick should be analyzed both visually and substantially using SEM and EDS. Figs. 16 and 17 show the condition of screen mesh after being used as wick in the heat pipe using Al 2 O 3 -water nanofluid. It appears that there are agglomeration buildups in the corners of the screen mesh weavings. EDAX analysis showed the addition of Al of 18.39% and O of 43.18% deriving from Al 2 O 3 deposition. The content of Fe, which is the main constituent of stainless steel with the initial content of 66.07%, decline to 1.43%. This result means that there is a thin coating on the surface of the screen material due to deposition from the nanoAl 2 O 3 -H 2 O fluid. EDAX analysis also found a small portion of Ti. It is suspected that during the process of nanofluid production, there are still remnants of TiO 2 particles at the probe of ultrasonic processor from the previous TiO 2 nanofluid production. Then, during the production of Al 2 O 3 -water nanofluid, the TiO 2 particles remains were co-dispersed to the nanofluid being made.
With TiO 2 -water working fluid, precipitation of nanoparticles from the nanofluid also coats the surface of the screen mesh, but unlike the case with Al 2 O 3 -water nanofluid, the sediment only lightly coats the screen surface without forming large agglomerations in the corner sections of screen woven as shown in Fig. 18 . Fig. 19 above is the analysis of screen mesh wick after the discharge of the TiO 2 -water, where the screen mesh is coated with TiO 2 -water deposition. This can be seen from the results of EDAX analysis that the surface of the screen is covered by Ti and O at 22.21% to 26.40%. The coating by the deposition of TiO 2 is large enough, seen by the Fe element that is left 2.85%. It is still thinner than the coating by deposition caused by the use of Al 2 O 3 -water nanofluid. But in this case the structure of the screen did not change significantly; the geometry of the mesh on the screen still remain homogeneous.
CONCLUSION
From the discussion above, it can be concluded that the use of nanofluid as working fluid (Al 2 O 3 -water and TiO 2 -water) on the straight heat pipe with natural cooling can improve the performance of heat pipes in which the use of Al 2 O 3 -water nanofluid 5% can reduce the temperature by as much as 23.7%, while the use of 5% TiO 2 -water can reduce the temperature by 20.2% compared to what is attained by the use of water as the base fluid. The use of nanofluid as working fluid can also lower the value of the heat pipe thermal resistance.
The use of nanofluid as the working fluid causes thin sedimentation on screen mesh wick. Although this is not significant, the coating reduce the pore size of the mesh which could affect the capillary performance.
